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Abstract
Several lines of evidence indicate that people with Parkinson’s disease are impaired at detecting their own motor errors. In the present
study, we use a component of the event-related brain potential called the error-related negativity (ERN) to ask whether a high-level, generic
error-processing system is compromised in Parkinson’s disease. We recorded the electroencephalogram (EEG) from nine patients with
mild to moderate Parkinson’s disease and from nine normal control subjects while they performed a choice reaction time task. We found
that the amplitude of the ERN was the same for both populations, indicating that the error-processing system associated with the ERN is
not severely compromised in this Parkinson’s disease population. These results are discussed in terms of disease progression.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Recently, the existence of a high-level, generic error-
processing system has been revealed by the error-related
negativity (ERN), a component of the event-related brain po-
tential (ERP) [11,16]. The ERN is commonly elicited by er-
ror commission in choice reaction time (RT) tasks, its onset
coinciding with the onset of the electromyographic activity
that gives rise to the erroneous response [16]. This process
occurs before the error-processing system can receive pro-
prioceptive feedback associated with the movement, so the
system is thought to determine the correctness of the behav-
ior by evaluating an “efference copy” (e.g. [1]) of the motor
command itself. The ERN has a frontal-central scalp dis-
tribution, appears to be generated in anterior cingulate cor-
tex, and is associated with the executive control functions
of the frontal system (for reviews, see [5,12,15,25]). This
association between the ERN and frontal executive function
is supported by several neuropsychological and neuropsy-
chiatric studies. For example, obsessive-compulsive disorder
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(OCD) is associated both with disturbed error-processing
and abnormal function of anterior cingulate cortex, and peo-
ple with OCD produce exceptionally large ERNs [17]. Fur-
thermore, damage to dorsolateral prefrontal cortex reduces
the difference between the amplitude of the ERPs associated
with correct and incorrect responses [18], and people with
schizophrenia exhibit abnormal ERNs [13,32].
Parkinson’s disease provides a unique opportunity to ex-
amine the dependence of this error-processing system on the
integrity of the frontal system, for three reasons. First, the
symptoms of Parkinson’s disease are said to reflect the es-
sential functions of the medial frontal system [19]. Because
an “internal” mode of control associated with the medial
frontal system is disrupted in Parkinson’s disease, people
with the disease have difficulty using internal cues to pro-
duce motor output [19]. Instead, people with Parkinson’s
disease are disproportionately dependent on visual and au-
ditory information for guiding their behavior (e.g. [31,37]).
Thus, if the medial frontal system is involved in produc-
ing the ERN, then an abnormal ERN in Parkinson’s disease
should reflect the impairment of this system.
Second, several lines of evidence suggest that an error-
processing system dependent on efference copy may be
disrupted in Parkinson’s disease. For example, Angel et al.
showed that people with Parkinson’s disease are slower than
healthy subjects to correct their errors in a tracking task [3],
and that their corrections are faster following administration
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of l-DOPA [2]. Because fast corrections occur before vi-
sual and proprioceptive feedback information can reach a
central error processor [29], such corrections are thought to
be produced by a response monitoring system sensitive to
efference copy [1]. Other studies have examined motor be-
havior in the absence of visual feedback, and concluded that
the pattern of errors exhibited by people with Parkinson’s
disease under such conditions are consistent with an im-
pairment of a system that uses efference copy to detect and
correct for errors [8,31,35,38,43]. These studies are sup-
ported by anecdotal accounts which note that people with
Parkinson’s disease have trouble detecting their errors con-
sciously, especially when that detection depends on what
appears to be the monitoring of internal motor commands
[8,39,43]. Thus, if this error-processing system also pro-
duces the ERN, then Parkinson’s disease should disrupt the
ERN.
Third, a recent hypothesis holds that the ERN is generated
when an error signal is relayed via the cortical projection of
the mesencephalic dopamine system to anterior cingulate
cortex [24,25,27]. This hypothesis is motivated by the fact
that the midbrain dopamine system carries error signals that
indicate whether ongoing events are “better” or “worse”
than expected (for review, see [41]). Because degeneration
of the midbrain dopamine nuclei is the hallmark neuropatho-
logical feature of Parkinson’s disease, the error-processing
deficits associated with Parkinson’s disease might arise
from damage to this error-processing system. This hypoth-
esis predicts that damage to the cortical projection of the
midbrain dopamine system should result in an abnormal
ERN.
For these reasons, in this paper, we ask whether or not
mild to moderate Parkinson’s disease is associated with ab-
normal error-potentials. Our results are interpreted in terms
of disease progression and the functional anatomy of the
medial frontal system.
2. Method
2.1. Subjects
Nine male subjects with Parkinson’s disease and nine nor-
mal male controls participated on the basis of informed con-
sent. Subjects were paid 15 Dutch guilders per hour, earning
about US$15 in a 2 h session. Motor status was tested im-
mediately after the experimental session. The Parkinson’s
disease patients were all mildly or moderately affected by
the disease, with scores between 20 and 31 (mean = 26.9±
3.8) on the motor subscale of the unified Parkinson’s dis-
ease rating scale (UPDRS), and between 2 and 3 (mean =
2.5 ± 0.43) on the Hoehn and Yahr rating scale. The dis-
ease was lateralised in all patients, with the most affected
side occurring on the left in five subjects and on the right in
four subjects. Patients were between 49 and 62 years of age
(mean = 56.1±4.6) and averaged 6.1±2.1 years of illness.
All patients were on dopaminergic medication and were
tested, usually in the morning, after overnight withdrawal
(>12 h). Mental status, as assessed by the mini mental state
examination (MMSE), was normal (mean = 28.6 ± 1.6).
Patients were not diagnosed with any neurological or men-
tal health problems other than Parkinson’s disease. A tenth
Parkinson’s disease patient was unable to perform the ex-
perimental task adequately due to the severity of the disease;
this subject’s data were not analyzed. Control subjects were
matched by age (mean = 57.3 ± 5.9 years) and scored an
average 29.3 ± 0.7 on the MMSE. Consent was obtained
from all subjects according to the declaration of Helsinki.
This experiment was approved by the responsible ethical
committees in Nijmegen, The Netherlands, and Champaign,
Illinois.
2.2. Task
Subjects sat comfortably in front of a video monitor in
a quiet room and engaged in a modified version [24–26] of
the Eriksen Flankers task [9] (cf. [34,37]). The experiment
consisted of 12 blocks of 101 trials each. On each trial five
arrows, pointing either to the left or to the right, appeared on
the screen in a horizontal array. The center arrow was desig-
nated the “target” and the flanking arrows were designated as
“flankers”. The flankers either pointed in the same direction
(“compatible”) or in the opposite direction (“incompatible”)
as the target arrow (Fig. 1). Stimulus arrays occurred at ran-
dom according to the following probabilities, which were
selected so as to generate a bias in favor of one response
side, thereby inducing errors. During the first six trial blocks,
stimuli with left pointing targets occurred on 80% of the tri-
als, and stimuli with right pointing targets occurred on 20%
of the trials. These probabilities were reversed in the second
half of the experiment, and were counterbalanced across
subjects. For target stimuli pointing in either direction, the
probability of flankers being compatible or incompatible
was always equal. Together, this yields the following condi-
tions: “infrequent compatible” (III, occurring on 10% of the
Fig. 1. Experimental stimuli and frequency of appearance. See text for
description.
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trials), “infrequent incompatible” (FIF, occurring on 10% of
the trials), “frequent compatible” (FFF, occurring on 40%
of the trials), and “frequent incompatible” (IFI, occurring
40% of trials).2 Stimulus arrays appeared for 100 ms with
an inter-trial interval of 1750 ms.
Subjects were instructed to respond with their left-hand
when a left target arrow appeared, and to respond with their
right-hand when a right target arrow appeared. Subjects
responded by squeezing two zero-displacement dynamome-
ters. During the experiment, a response was registered when
squeeze force exceeded a pre-set level of 50 N (note that
this force threshold determined response onset only dur-
ing the experiment itself; as explained in Appendix A, a
more sophisticated measure of response onset was utilized
for the off-line analyses). During a practice block of 50
trials, a tone sounded when the threshold was exceeded.
In this way, the subjects could learn about the minimum
level of force required to register a response. Subjects were
instructed to respond as quickly as possible while main-
taining an accuracy level of about 85%. Thus, when their
accuracy rose above 90% on a particular block of trials,
they were instructed to respond more quickly on the follow-
ing block; conversely, when their accuracy dipped <80%,
they were instructed to respond slower on the following
block.
2.3. Data acquisition and analysis
Off-line, a computer algorithm identified, for each trial,
the onset of squeeze force activity in both response channels
(see Appendix A). If the response was consistent with the
stimulus-response mapping for that trial, then the trial was
classified as “correct”; otherwise, the trial was classified as
“incorrect”. If responses were detected in both channels,
then response onset was associated with the response with
the shorter RT. On error trials, the second response was
classified as an “error correction”. If response onset was
detected in either channel within the first 60 ms following
stimulus onset, or if both responses occurred simultaneously,
then that trial was discarded from analysis. Data for the first
trial of each block were also discarded.
The EEG was amplified (Nihon-Kohden 4421 ampli-
fiers), recorded (Neuroscan, Inc. Data Acquisition System,
Herndon, VA, USA), and digitized at 250 samples per sec-
ond. Twenty Ag/AgCl scalp electrodes were placed accord-
ing to the 10–20 system and the EEG was recorded with
a left mastoid reference (passband filter 0.032–100.0 Hz).
In addition, the vertical and horizontal electrooculograms
2 The logic of this choice of labels is as follows. If one takes the center
of the stimulus array to be the “target” and the flanking letters to be
noise, then “III” and “FFF” are both compatible stimuli and “FIF” and
“IFI” are both incompatible stimuli. Furthermore, if the central target
letter specifies the frequency of appearance of that stimulus, then “III”
and “FIF” are both infrequently occurring stimuli, and “IFI” and “FFF”
are both frequently occurring stimuli. Thus, the format of the labels are
analogous to the Eriksen Flanker stimuli themselves.
were recorded with bipolar referenced electrodes placed
above and below the right eye, and on the outer canthi of
both eyes, respectively.
Ocular artifact was removed off-line with an eye move-
ment correction procedure [21]. The EEG was re-referenced
off-line to linked mastoid electrodes by subtracting, for
each sample on each trial, one-half the voltage recorded at
the right mastoid from the voltages recorded at the other
scalp electrodes. For each channel on each trial, the data
were baseline corrected by subtracting the average value
of the data during the 252 ms preceding stimulus onset
from each of the following samples in the epoch. Data
were filtered off-line using the interactive data language
digital filter algorithm with a (half-amplitude) passband of
1–10 Hz.
The EEG data were collected using multiple electrodes
(in keeping with standard practice), but ERN amplitude was
evaluated only at channels Cz and Fz. The ERN reaches max-
imum amplitude at these frontal-central scalp sites [11,16],
and the restriction of the analysis to data collected at these
electrode locations is consistent with previous ERN stud-
ies. For each subject, response-locked ERPs were created
by averaging the data relative to the time of response onset,
according to trial outcome (correct or incorrect) and con-
dition. The amplitude of the ERN was determined with a
computer algorithm that identified the base-to-peak magni-
tude of the negativity within the first 200 ms following error
onset. In general, the algorithm (1) ensured that the latency
of the peak negativity did not coincide with response on-
set (i.e. the leftmost edge of the window, on the downward
slope of the ERP) (see Fig. 2), and (2) determined the onset
of the ERN as the first positive inflection occurring within
the window before the peak negativity. If no peak negativ-
ity occurred within the window, then the time of maximum
negativity was taken at RT = 0. If no positive inflection oc-
curred within the window, then the onset of the ERN was
taken as the most recent positive inflection occurring before
RT = 0. The amplitude of the ERN was then taken as the
difference in the value of the ERPs at the time of ERN onset
and the time of peak negativity.
In addition, “difference-waves” were computed by sub-
tracting the average ERP on correct trials from the average
ERP on incorrect trials. To protect against stimulus-induced
contamination of the response-locked difference waves, the
correct and incorrect trials contributing to these averages
were first matched within condition by RT [6]. ERN am-
plitude was then taken as the maximum negativity within a
200 ms window following response onset.
For purposes of comparison, we also determined for each
person and each condition the amplitude of the post-peak
positivity of the movement-related potential (MRP) associ-
ated with correct responses [7]. The post-peak positivity of
the MRP was taken as the magnitude of the response-locked
ERP at the time of the response (t = 0 ms), minus the max-
imum negativity within a 250 ms window preceding the re-
sponse, evaluated at channel Cz.
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Fig. 2. Average ERP waveforms based on correct trials and error trials
for control subjects (left) and patients (right), for the overall, infrequent
compatible (III), infrequent incompatible (FIF), and frequent incompatible
(IFI) conditions. Data recorded at channel Cz. Solid line: error trials.
Dotted line: correct trials. In each plot, the ERN is evident on error
trials as the negative deflection beginning at the time of response onset
(t = 0 ms). The post-peak positivity of the MRP can be seen on correct
trials as the positivity peaking at the time of response onset (t = 0 ms).
Grand-average waveforms for the people with Parkinson’s
disease and for the control subjects were created by av-
eraging the ERPs by condition across subjects, but within
group. Statistical comparisons involved paired t-tests and
two-factor analysis of variance (ANOVA) designs with re-
peated measures. The Greenhouse–Geisser correction for re-
peated measures [30] and the arc-sine transformation [45]
were applied where appropriate.
Table 1
Behavioral data
Mean S.D. t P-value
Controls Patients Controls Patients
Accuracy (percent correct)
Overall 87.2 84.5 4 5 1.2 0.25
FFF 98.7 97.6 1 2 1.4 0.19
IFI 92.3 89.1 6 6 1.0 0.32
FIF 43.4 33.6 17 12 1.4 0.18
III 66.1 62.5 17 15 0.5 0.65
FFF: frequent compatible; IFI: frequent incompatible; FIF: infrequent
incompatible; III: infrequent compatible; S.D.: standard deviation.
3. Results
3.1. Behavioral data
Our response detection algorithm rejected an average of
3.3% (controls) and 4.9% (patients) of the total number of
trials per subject, a difference which was not significant (t =
0.60, P = 0.56). Both normal control subjects and peo-
ple with Parkinson’s disease responded correctly on about
85% of the remaining trials (Table 1). Most erroneous re-
sponses were elicited in the infrequent conditions, but some
errors were generated in the frequent incompatible condition
(Table 1). Very few errors were generated in the frequent
compatible condition, so these errors will not be considered
further. RTs were somewhat slower for the Parkinson’s dis-
ease patients than controls, but this difference was not sig-
nificant (Table 2). Both the control subjects and the people
with Parkinson’s disease corrected their errors about half of
the time (controls: 53%, Parkinson’s: 50%, t = 0.30, P =
0.77), and for both populations, corrections followed errors
by 187 ms (t = 0.007, P = 0.99). The behavioral data in
this study are consistent with the findings of a previous study
involving the same task [24–26].
4. Event-related brain potential
Fig. 2 shows waveforms recorded at channel Cz, for cor-
rect and incorrect responses separately, for normal control
subjects (left) and people with Parkinson’s disease (right).
Fig. 3 shows the same conditions for data recorded at chan-
nel Fz. Paired t-tests indicated that the amplitude of the ERN
(measured base-to-peak) was not significantly different be-
tween populations, both overall and within stimulus con-
ditions, whether measured at channel Cz or at channel Fz
(Table 3). The results of a two-factor ANOVA with repeated
measures on ERN amplitude (Cz), across group (patients,
controls) and stimulus condition (IFI, FIF, III), supported this
conclusion, F(1, 16) = 0.03, P = 0.86. In addition, the am-
plitude of the ERN was determined from the difference wave
(incorrect minus correct waveform) associated with the fre-
quent incompatible condition (IFI). Because RTs were over
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Table 2
Behavioral data
Overall FFF IFI FIF III
Correct Error Correct Error Correct Error Correct Error Correct Error
Reaction times (mean, S.D., in ms)
Controls 329, 67 286, 59 302, 61 – 336, 74 361, 58 435, 69 272, 54 396, 60 249, 57
Patients 341, 128 320, 129 321, 122 – 342, 133 376, 137 438, 145 308, 123 408, 137 290, 126
t −0.24 −0.72 −0.42 – −0.12 −0.29 −0.06 −0.82 −0.24 −0.88
P-value 0.81 0.48 0.68 – 0.91 0.78 0.95 0.42 0.81 0.39
FFF: frequent compatible; IFI: frequent incompatible; FIF: infrequent incompatible; III: infrequent compatible; S.D.: standard deviation.
Fig. 3. Average ERP waveforms recorded at channel Fz. See Fig. 2 for
description.
100 ms faster on error trials than on correct trials in the in-
frequent conditions (III, FIF) (Table 2), these trials could not
be matched by RT and difference waves were not computed
(see [6]). When the ERN was measured as the maximum of
the difference wave associated with correct and incorrect tri-
als in the frequent incompatible condition, there was no sig-
nificant difference between the groups, whether measured at
channel Cz (Parkinson’s: −6.0V, controls: −6.8V, t =
−0.29, P = 0.78) or Fz (Parkinson’s: −4.8V, controls:
−5.6V, t = −0.42, P = 0.68).
For the people with Parkinson’s disease, the amplitude of
the ERN associated with errors committed on their more af-
fected sides (−3.0V) was not significantly different from
the amplitude of the ERN associated with errors commit-
ted on their less affected sides (−3.3V) (Cz: paired t =
0.38, P = 0.72). However, ERN amplitude was not the
same across stimulus conditions, for both the control sub-
jects (Cz: F(2, 8) = 8.9, P < 0.01, ε = 0.77) and the peo-
ple with Parkinson’s disease (Cz: F(2, 8) = 6.7, P < 0.05,
ε = 0.71); Duncan’s multiple range test indicated that, for
both populations, the amplitude of the ERN was larger in the
frequent incompatible condition than in either of the infre-
quent conditions, but the amplitude of the ERN in the two
infrequent conditions was not significantly different. These
results are consistent with the findings of a previous study
using the same paradigm [24–26] (see also [6]).
Figs. 2 and 3 also show the MRPs associated with the cor-
rect response. A two-factor ANOVA with repeated measures,
across group (patients, controls) and stimulus condition
(FFF, IFI, FIF, III) indicated a reduced post-peak positivity
of the MRP in the patients with Parkinson’s disease com-
pared to the control subjects, F(1, 16) = 4.97, P < 0.05.
5. Discussion
We did not detect a difference in ERN amplitude be-
tween people with Parkinson’s disease and normal control
subjects. Of course, such a null result must be interpreted
with caution. If a small difference in ERN amplitude ex-
isted between the two populations, our test may have lacked
the sensitivity needed to reveal it. Nevertheless, our test
contained enough statistical power to reveal a reduction
in another response-locked component of the ERP, the
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Table 3
ERN amplitude
Mean S.D. Confidence t P-value
Controls Patients Controls Patients Controls Patients
Cz
Overall −3.1 −3.0 2.2 2.2 −4.6, −1.7 −4.4, −1.6 −0.12 0.90
IFI −6.5 −7.1 3.5 5.2 −8.8, −4.2 −10.4, −3.7 0.27 0.79
FIF −2.8 −2.6 2.4 1.4 −4.3, −1.2 −3.5, −1.7 −0.20 0.85
III −3.3 −3.5 2.4 2.8 −4.8, −1.8 −5.3, −1.7 0.16 0.87
Fz
Overall −3.8 −3.4 2.4 2.8 −5.4, −2.3 −5.3, −1.5 0.34 0.73
IFI −6.4 −5.9 3.4 3.6 −8.7, −4.2 −8.3, −3.6 −0.30 0.77
FIF −3.8 −3.2 2.8 2.0 −5.6, −2.0 −4.5, −1.9 0.50 0.62
III −4.2 −4.1 2.1 3.9 −6.7, −1.6 −6.7, −1.6 0.02 0.98
IFI: frequent incompatible; FIF: infrequent incompatible; III: infrequent compatible; S.D.: standard deviation; confidence: confidence interval.
post-peak positivity of the MRP. This component is already
known to be smaller in Parkinson’s disease [7]. Thus, al-
though Parkinson’s disease may have indeed disrupted the
error-processing system associated with the ERN, that dis-
ruption was not severe enough to cause a major decrease in
the ERN’s size. Rather, the disease seems to have primar-
ily affected the motor system, resulting in reduced MRPs
and unmistakable motor impairment (as evidenced by the
patients’ motor scores on the UPDRS and Hoehn and Yahr
rating scales). Taken together, these results suggest that
Parkinson’s disease differentially disrupts these motor- and
error-related processes, tending to affect the former while
sparing the latter.
In principle, if multiple high-level error-processing sys-
tems existed within the human brain, then Parkinson’s dis-
ease might affect one or more of those systems while sparing
the system associated with the ERN. Our results indicate
only that the disease tended to spare the ERN system; the
results do not address whether or not the error-processing
system previously implicated in Parkinson’s disease
[2,8,31,38,43] was also spared. Nevertheless, we believe in
the existence of only one such system—and thus, that the
system which is normally disturbed by Parkinson’s disease
was in fact relatively untouched by the disease in our own
population.
Our reasoning on this issue consists of three points. First,
a wide variety of tasks elicit the ERN (for reviews, see
[5,12,15]). We see no reason that the tasks in the Parkinson’s
disease studies associated with impaired error-processing
[2,8,31,38,43] would not also elicit ERNs in normal control
subjects. Second, as described earlier, the error-processing
system associated with the ERN is thought to be sensi-
tive to efference copy [16], and people with Parkinson’s
disease appear specifically impaired at applying efference
copy for error correction [2,8,31,38,43]. We suggest that it
is more parsimonious to propose the existence of a single
error-processing system that is sensitive to efference copy,
rather than the existence of two such systems, only one of
which is disrupted by Parkinson’s disease. Third, people
with Parkinson’s disease are slower to correct their errors
than normal control subjects [3], and this slowness is ame-
liorated by administration of l-DOPA [2]. In contrast, our
patients corrected their errors about as often and as quickly
as the control subjects did in our study. This observation sug-
gests that the error correction mechanism that is normally
disrupted in Parkinson’s disease was in fact spared in our
own population.
Ironically, our results are incompatible with those of a re-
cent, similar study on the ERN and Parkinson’s disease [10].
In this study, Falkenstein et al. examined the amplitude of
the ERN associated with error commission, in people with
Parkinson’s disease and in healthy control subjects, in three
different reaction-time tasks. They concluded that the am-
plitude of the ERN is reduced in Parkinson’s disease, and
suggested that their results supported our own hypothesis
that ERN generation depends on the activity of the mesen-
cephalic dopamine system.
While we believe that the results of the Falkenstein et al.
experiments are extremely informative, we suggest several
possible reasons for the discrepancy between the two stud-
ies. First, the error rate in one of their tasks was much higher
for the patients (15%) than for the control subjects (5%).
Because the amplitude of the ERN decreases with decreas-
ing accuracy [16], the relatively small ERNs observed in
that task could be due to the relatively large number of er-
rors committed by the patient group. Second, our patients
were tested after overnight withdrawal from dopaminergic
medication, but the patients in the Falkenstein study were
on their normal medication (levodopa) during testing. Peo-
ple with Parkinson’s disease can paradoxically perform cer-
tain cognitive tasks better when ‘off’ levodopa than when
‘on’ the medication [20,44]. Thus, the drug treatment in the
Falkenstein study may have actually impaired the system
that produces the ERN.
Third, the Falkenstein et al. experiment depended on a
discrete measure of overt behavior (button presses), whereas
our study used a continuous measure (squeeze force).
Off-line, we determined response onset with an algorithm
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that ensured that the squeeze force departed significantly
from ongoing noise before designating that activity as a re-
sponse (see Appendix A). Because of Parkinsonian tremor,
the squeeze-force activity by the patients tended to be rel-
atively noisy when compared with that of the control sub-
jects. Indeed, the data from a tenth subject with Parkinson’s
disease were discarded because of noise associated with
Parkinsonian tremor (see Section 2). By contrast, the dis-
crete RT measure used in the Falkenstein et al. study would
have masked the presence of such noise, disassociating the
response measure from the “true” response and introducing
a random element to the RT. This temporal “jitter” may
have artificially reduced the amplitude of the ERN in the
response-locked average, much as temporal jitter associated
with the latency of the P300 can reduce the amplitude of
the P300 in the stimulus-locked average [33,36,42].
Unfortunately for us, our results do not support our own
hypothesis that the ERN is generated by a dopaminergic sys-
tem for error-processing [24,25,27]. Rather, the results are
consistent with alternative hypotheses of ERN production
that do not depend upon mesencephalic dopamine, in partic-
ular, that the ERN is generated by the simultaneous activa-
tion of incompatible response channels (“response conflict”)
[4,46]. We see two ways of explaining this outcome. First,
our hypothesis may be wrong, and another hypothesis (such
as the response conflict hypothesis) may be correct. Second,
our hypothesis may be correct, but we may have selected an
inappropriate way to test it. While we acknowledge the first
of these possibilities, we here explore the second possibil-
ity with the following explanation; further research will be
needed to decide between the two competing theories.
Although degeneration of the midbrain dopamine nuclei
is the hallmark neuropathological feature of Parkinson’s
disease, this deterioration is not spatially uniform across
the midbrain dopamine nuclei [23]. In fact, the corti-
cal dopamine projection consists mainly of neurons from
the ventral tegmental area (VTA) and a dorsal tier of
neurons in the substantia nigra pars compacta (SNPC)
(see [22] for review). Parkinson’s disease can affect this
projection [28], reducing dopaminergic input to frontal
motor areas [14] and cortical dopamine in general [40].
However, both Parkinson’s disease and the neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) pri-
marily damage the ventral tier of the SNPC, tending to
spare the VTA and the dorsal tier of the SNPC [22]. Thus,
it is thought that the cortical dopamine projection, being
least vulnerable to the disease, is affected mostly in late
stage Parkinson’s disease. We speculate that the Parkinson’s
disease in our patients had not disrupted those parts of the
brain—namely, medial frontal cortex—responsible for gen-
erating the ERN. Conversely, our results indicate that those
parts of the basal ganglia affected by mild to moderate
Parkinson’s disease are not involved in the error-processing
functions that give rise to the ERN. In this respect, it is of
paramount concern to look for abnormal ERNs in people
with more advanced stages of Parkinson’s disease, as well
as in people with other diseases of the basal ganglia, such
as Huntington’s disease.
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Appendix A. Response detection algorithm
Off-line, a computer algorithm identified, for each trial,
the onset of squeeze force activity in both response channels.
Trials in which the data acquisition program detected overt
responses within the baseline period were excluded from
this calculation. For each subject, the averages and standard
deviations of the activity in both left and right dynamometer
channels over the 252 ms baseline preceding each stimulus
were computed. Two sets of thresholds were then computed:
the average baseline activity associated with each channel
was added to five times the standard deviation of the base-
line for that channel (“upper thresholds”), and the average
baseline activity was added to one standard deviation of
the baseline for that channel (“lower thresholds”). For each
trial, the squeeze force activity was baseline corrected by
subtracting the average activity of that channel within the
252 ms baseline period from the value associated with each
sample within that trial.
RT was measured by identifying the sample associated
with the largest change in slope (Fig. 4). This point was
determined with an algorithm that computed and compared
the change in slope with adjacent samples. First, for each
channel, the algorithm identified the sample in which the
squeeze force first crossed the upper threshold between 60
and 1052 ms following stimulus onset. The slope associated
with the 58 ms preceding this point (e.g. slope “a” in Fig. 4)
was then approximated by taking the difference between the
average activities of the preceding 0–24 and 25–48 ms inter-
vals; similarly, the slope associated with the 58 ms following
this point (e.g. slope “b” in Fig. 4) was determined by taking
the difference between the average activities of the follow-
ing 0–24 and 25–48 ms intervals. Slopes >0 but <1 were set
equal to 1 by the algorithm, and slopes <0, but more than
−1 were set equal to −1 by the algorithm. The ratio of the
following to the preceding slope provides a measure of the
rate of change in activity during that period; ratios close to
1 indicate little change in slope. For each immediately pre-
ceding sample, a new ratio was determined by the algorithm
and compared with the maximum ratio found. When the ra-
tio was determined to be less than the maximum, the algo-
rithm stopped, and that sample point was taken as response
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Fig. 4. Idealized dynamometer output for one trial. A, B, a, and b cor-
respond to the local slopes associated with short time intervals of dy-
namometer output. Response amplitude and time units are arbitrary. The
response detection algorithm selects the sample associated with the great-
est change in slope as response onset. In this example, the ratio B/A
is greater than corresponding ratios associated with other regions of dy-
namometer output (such as b/a). Thus, the algorithm selects the sample
occurring at the intersection of the regions associated with A and B as
response onset. The algorithm also applies corrections for noisy trials or
trials with poorly defined squeeze activity (see text). Note that the algo-
rithm can be applied to other continuous measures of response output,
such as electromyographic activity.
onset (in Fig. 4, the sample associated with the ratio B/A). To
correct for trials with poorly defined squeeze activity, if the
ratio of slopes reached a maximum value before the result
of the algorithm crossed the lower threshold, then the point
the algorithm crossed the lower threshold was taken as re-
sponse onset instead. If no squeeze activity in either channel
exceeded the upper threshold, then the trial was discarded
from analysis.
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